Hyperthyroidism can lead to the activation of proteins which are associated with inflammation, apoptosis, hypertrophy, and heart failure. This study aimed to explore the inflammatory and apoptotic proteins involved in the hyperthyroidism-induced cardiac hypertrophy establishment. Male Wistar rats were divided into control and hyperthyroid (12 mg/L L-thyroxine, in drinking water for 28 days) groups. The expression of inflammatory and apoptotic signaling proteins was quantified in the left ventricle by Western blot. Hyperthyroidism was confirmed by evaluation of T3 and T4 levels, as well as cardiac hypertrophy development. There was no change in the expression of HSP70, HIF1-a, TNF-a, MyD88, p-NFjB, NFjB, p-p38, and p38. Reduced expression of p53 and PGC1-a was associated with increased TLR4 and decreased IL-10 expression. Decreased Bcl-2 expression and increased Bax/Bcl-2 ratio were also observed. The results suggest that reduced PGC1-a and IL-10, and elevated TLR4 proteins expression could be involved with the diminished mitochondrial biogenesis and anti-inflammatory response, as well as cell death signaling, in the establishment of hyperthyroidism-induced maladaptive cardiac hypertrophy.
Introduction
Hyperthyroidism is a disorder that causes many metabolic alterations, particularly in the cardiovascular system, which in the long term consists on deleterious cardiac remodeling, left ventricular fibrosis, and a decline in cardiac function (Dillmann 2010; Weltman et al. 2012) . These alterations generate symptoms such as tachycardia, atrial fibrillation (5-10% of patients), increased systolic blood pressure, decreased diastolic pressure, and development of cardiac hypertrophy (Fazio et al. 2004) .
The cardiac hypertrophy in hyperthyroidism is well described (Klein and Ojamaa 2001) , and this heart remodeling can lead to increased diastolic dysfunction and cardiac dilatation, characteristics of heart failure (Li et al. 2007 ).
One possible mechanism for the induction of hypertrophy in the early stages of hyperthyroidism may involve the modulation of peroxisome proliferator-activated receptor gamma coactivator (PGC1-a), that can interact with transcription factors involved in diverse types of biological responses (Liang and Ward 2006) . PGC1-a can play a pivotal role in mitochondrial biogenesis and also serves as a marker of this process (Goldenthal et al. 2004; Ventura-Clapier et al. 2008) . Important actions of this coactivator include the systemic regulation of lactate levels, a source of energy to the heart through the activation of lactate dehydrogenase (LDH), and the regulation of lipid metabolism through activation of pentose cycle (Summermatter et al. 2010 (Summermatter et al. , 2013 Messarah et al. 2011) . The overexpression of PGC1-a tends to mitigate the cardiac hypertrophy induced by hyperthyroidism (Xu et al. 2012) . In parallel, decreased PGC1-a expression can amplify the hypertrophic response, leading to maladaptive cardiac remodeling, and inducing cardiac dysfunction and inflammatory process (Garnier et al. 2003; Ventura-Clapier et al. 2008; Xu et al. 2012) . Inflammatory cytokines decrease cardiac function through various mechanisms, influencing adrenergic signaling, calcium homeostasis, and redox signaling. These changes can lead to a vicious cycle involving the activation of pro-inflammatory cytokines, such as tumor necrosis factor-a (TNF-a) and interleukins (1b and 6), and ultimately provoking the stimulation of inflammatory signaling pathways activities . In this scenario, toll-like receptors (TLRs) can be activated and stimulate the transduction of inflammatory information through intracellular proteins, such as MyD88 and nuclear factor kappa beta (NFjb) (Darehgazani et al. 2016) . On the other hand, to counterregulate the inflammation, the intracellular HSP70 can inhibit inflammatory cytokines, such as TNF-a (Noble and Shen 2012) . Nevertheless, extracellular HSP70 can also cause deleterious effects due to its capacity to interact with other molecules, such as toll-like receptors (2 and 4), inducing NF-jb expression, and leading to an inflammatory response involving the expression of an intracellular adhesion molecule-1 (ICAM-1), interleukin 6 (IL-6), and keratinocyte-derived chemokine (KC) (Vondriska and Wang 2008) . This inflammatory response promotes a decrease in cardiomyocyte contractility and can result in cell death, as well as heart failure (Satoh et al. 2006; Thuringer et al. 2015) . Programmed cell death can be activated by the establishment of inflammatory processes. In this context, apoptosis signaling seems to be involved in the maladaptive hypertrophy through the modulation of proteins such as Bcl-2, Bax, p53 and caspases (caspase 3, 7 and 9), leading to DNA fragmentation and cell death (Harsdorf et al. 1999; Mihara et al. 1999; Narula et al. 1999; Chaudhari et al. 2009) .
Therefore, the primary aim of this study was to investigate proteins involved in the inflammatory process, as well as the activation of cell death signaling in the maladaptive cardiac hypertrophy in the experimental hyperthyroidism.
Materials and methods

Ethical statement
This study was approved by the Ethics Committee on the use of animals at the Universidade Federal do Rio Grande do Sul (CEUA-UFRGS, protocol number 24504). It was conducted in accordance with the ethical principles established by the Universidade Federal do Rio Grande do Sul and the World Medical Association Declaration of Helsinki regarding the ethical conduct of research involving animals.
Experimental protocol
Male Wistar rats (169 ± 27 g, 34 days old, N=20) were obtained from the Center for Reproduction and Experimentation of Laboratory Animals, Universidade Federal do Rio Grande do Sul (CREAL-UFRGS). Animals were housed in plastic cages (four per cage) and received water and pelleted food ad libitum. They were maintained under standard laboratory conditions (controlled temperature of 21°C, 12 h light/dark cycle) and were divided into two groups: control (n=10); and hyperthyroid (T4, n=10).
T4 group rats received L-thyroxine (T4 -12 mg/L) ad libitum in the drinking water for 28 days, as previously described (Araujo et al. 2011; da Rosa Araujo et al. 2010; Araujo et al. 2008) . Animals in the control group received only vehicle (water). On the 28th day, the total body weight was measured and animals were anesthetized (ketamine 90mg/kg, xylazine 10mg/kg, I.P.) to collect blood in heparinized tubes (via the retro-orbital venous plexus, using a capillary tube filled with saline solution). The blood was later used for thyroid hormones analysis (free T3 and T4 in plasma). Animals were then euthanized (cervical dislocation), and heart and tibia were collected. The heart was weighed and then separated into left and right ventricle. The body weight, heart weight, and tibia length were used for the evaluation of the cardiac hypertrophy index. The left ventricle (LV) was homogenized and used to analyze the expression of proteins involved in the inflammatory and apoptotic signaling by western blot.
Thyroid hormones analysis
The blood samples were centrifuged for 15 minutes at 2415g in a refrigerated centrifuge at 4°C (Sorvall RC 5B -Rotor SM 24) to separate the plasma for the analysis of thyroid hormones. Free T3 and T4 were measured using chemiluminescence by competitive immunoassay, as previously described (Ferreira and Á vila 2013) . The T3 levels were expressed in ng/mL and T4 levels in mg/dL.
Cardiac hypertrophy index evaluation
Body weight, heart weight, and tibia length were used to calculate two different cardiac hypertrophy indices. The cardiac hypertrophy index was calculated as the ratio between the total weight of heart tissue (in mg) and the tibia length (in cm) (Yin et al. 1982) . A second calculation was performed by using the ratio of the total weight of heart tissue (in mg) to the total body weight (g) (Hu et al. 2003) .
Western blot analysis
LV homogenization, electrophoresis, and protein transference were performed as previously described (Laemmli 1970) . Total proteins in the homogenate were quantified (Lowry et al. 1951) , using bovine albumin as a standard solution. The protein (50 lg) was submitted to one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis in a discontinuous system using 8-12% (w/v) separating and stacking gels. The primary antibodies used for immunodetection were: HSP70 (70 kDa); HIF1-a (132 kDa); TLR4 (95 kDa); MyD88 (33 kDa); p-NFkb (65kDa); NFkb (65kDa); TNF-a (17kDa); IL-10 (20kDa); p-p38 (38kDa); p38 (38kDa); PGC1-a (90kDa); p53 (53kDa); Bax (20kDa); Bcl-2 (28kDa); Caspase-9 (17 kDa). Anti-rabbit, anti-mouse or anti-goat horseradish peroxidaseconjugate were used as secondary antibodies (Santa Cruz Biotechnology. Santa Cruz, CA). The protein bands were detected using chemiluminescence and the autoradiographs generated were quantitatively measured using the ImageJ software (public domain Java image processing programNational Institute of Mental Health, Bethesda, Maryland, USA). The molecular weights of the bands were determined by reference to a standard molecular weight marker (RPN 800 rainbow full range Bio-Rad, CA, USA). Results were normalized by the Ponceau method (Klein et al. 1995 ).
Statistical analysis
Results were expressed as the mean ± standard deviation (SD). Normality of data was tested by Kolmogorov-Smirnov homogeneity test. For comparisons between groups, Student's t-test was used. Pearson's test was used for correlation analysis. The significance level adopted was 5% (P\0.05). All calculations were performed using SPSS (Statistical Package for Social Sciences) version 20.0. Graph Pad Prism 5 was used to create the artwork.
Results
Thyroid hormones dosage
T4 levels were higher (310%) in the T4-treated group when compared to the control, indicating the development of hyperthyroidism in these animals. T3 levels, however, did not differ between groups. The T3/T4 ratio was lower (65%) in the T4-treated group, as compared to the control (table 1).
Cardiac hypertrophy analysis
The total heart weight was significantly increased (14%) in the T4 group as compared to control. When compared to control, the T4 group showed higher values for the two hypertrophy indices: heart in relation to body weight (20%), and heart/tibia length (14%). These results are summarized in table 1.
Western blot analysis of LV homogenate
Western blot analysis was conducted to verify the expression of proteins involved in inflammatory and apoptotic signaling. The expression of HSP70 ( figure 1A ) and HIF1-a ( figure 1B) were not significantly different between the groups. TLR4 was increased (112%) in the T4 group compared to the control group ( figure 2A) ; however, no changes in MyD88 (figure 2B) , p-NFjB (figure 2C), NFjB ( figure 2D ) and TNF-a (figure 3A) expression were detected between the two groups. Nevertheless, there was a decrease in IL-10 expression in the T4 group ( figure 3B) ; but the IL-10/TNF-a ratio was not changed ( figure 3C ). The expression of p-p38 ( figure 4A ) and p38 (figure 4B) was not altered; however, PGC1-a ( figure 4C ) and p53 ( figure 4D ) showed significantly lower levels in the T4 group (73% and 61%, respectively) as compared to the control group. There was a negative correlation between PGC1-a and TLR4 (r=-.686, n=9, p=0.041).
Bax levels were not different between the groups ( figure 5A) ; however, Bcl-2 (figure 5B) showed diminished levels (65%) in the T4 group as compared to the control group. The Bax/Bcl-2 ratio was higher (60%) in the T4 group compared to control ( figure 5C ). Caspase-9 expression was not different between the groups ( figure 5D ).
Discussion
In this study, the main finding was an association between the cardiac hypertrophy and the alterations of metabolic regulators, given by reduced PGC1-a and p53 expression in the hyperthyroidism. In addition, an activation of the inflammatory signaling, with elevated TLR4 and diminished IL-10 expression was also observed in this model. Furthermore, this inflammation process seems to be associated with a reduction in Bcl-2 expression and augmented Bax/Bcl-2 ratio, indicating an intracellular pro-apoptotic signaling activation. Development of hyperthyroidism was verified as in previous studies, by evaluating free T4 levels in plasma and cardiac hypertrophy indices (Messarah et al. 2011; Araujo et al. 2007 Araujo et al. , 2008 Araujo et al. , 2011 . Increased T4 levels were found in the plasma of hyperthyroid group. Although no statistically significant, T3 levels also increased by 54% in the hyperthyroid group. T3 and T4 increase were accompanied by the development of cardiac hypertrophy, a classical evidence that indicates the development of thyrotoxicosis in these animals (Xu et al. 2012) . As previously documented, thyroid hormones are responsible for various hyperthyroidism-induced cardiovascular changes that can lead to heart mass increment (Fazio et al. 2004; Li et al. 2007; Dillmann 2010; Weltman et al. 2012; Thuringer et al. 2015) . The cardiac hypertrophy in the present study was confirmed through all cardiac hypertrophy indices, which were higher in the T4 group than in control. As well as observed in this study, previous data have also found hyperthyroidism-induced cardiac hypertrophy (Araujo et al. 2006 (Araujo et al. , 2007 (Araujo et al. , 2008 (Araujo et al. , 2011 . However, the adaptive cardiac hypertrophy could advance to maladaptive hypertrophy and progress to heart failure (Dillmann 2010; Xu et al. 2012) . The transition between these cardiac hypertrophic stages may involve a detrimental condition of energetic metabolism. In this scenario, factors involved in mitochondrial transcription such as PGC1-a play a pivotal role in metabolic control.
The augmented PGC1-a expression in cell stimulates the mitochondrial biogenesis, activation of genes involved in the control of oxidative phosphorylation, such as nuclear respiratory factor (NFR), estrogen-related receptor (ERR), peroxisome proliferator-actived receptor (PPARs), and myocyte enhancer factor -2 (MEF2) (Tuomainen and Tavi 2017) . On the other hand, PGC1-a seems to be related with the control of cardiac hypertrophy in both adaptive and maladaptive conditions (Goldenthal et al. 2004; Narula et al. 1999; Ventura-Clapier et al. 2008; Messarah et al. 2011; Summermatter et al. 2010 Summermatter et al. , 2013 Xu et al. 2012) . In our study, PGC1-a protein expression was reduced in rats with hyperthyroidism ( figure 4C ). This result agrees with previous studies, in which it was described that hyperthyroidism induced the reduction of PGC1-a expression. However, in such studies, the thyroid hormones were administered in short term as compared to our one (Xu et al. 2012; Maity et al. 2013) . Such decreased PGC1-a levels, in long term, could be associated with maladaptive hypertrophy, since this reduction in cardiac muscle provokes relevant mitochondrial dysfunction and consequent cardiac phenotype changes and potential progression to heart failure (Ventura-Clapier et al. 2008; Maity et al. 2013) . All these actions are mediated by PGC1-a, demonstrating its key role as a cell regulator of energetic metabolism in this model. This relevant aspect stands out, since other metabolic signaling factors remained unaltered in T4-treated rats, such as HSP70 and HIF1-a ( figure 1A-B) , as previously reported in hyperthyroid animals (Rodriguéz-Goméz et al. 2013) . Additionally, as it was previously demonstrated, decreases in PGC1-a expression in the heart failure are strongly associated with inflammatory and apoptotic alterations, which were also observed in our study (Schilling et al. 2011; Sen et al. 2011; Maity et al. 2013; Darehgazani et al. 2016) .
In this context, IL-10 levels were lower in T4 group as compared to the control group (figure 3B), indicating a possibly reduced anti-inflammatory potential in hyperthyroid animals, since IL-10 is involved in tissue repair and therefore Figure 1 . Representative image bands and respective graphs of (A) HSP70 and (B) HIF1-a in control and T4 groups. Values represent mean ± SD. n = 4 animals in control group and 5 animals in the T4 group. Bands were normalized using the Ponceau method and data were analyzed by Student's t-test. Representative image bands and respective graphs of (A) TNF-a, (B) IL-10, and (C) IL-10/TNF-a ratio in control and T4 groups. Values represent mean ± SD. n = 4 animals in control group and 5 animals in the T4 group. Bands were normalized using the Ponceau method and data were analyzed by Student's t-test. * P\0.05 compared to control group. considered to provide beneficial effects on cardiac function in disease states (Bartekova et al. 2018) . In addition, the hyperthyroid animals also demonstrated increased TLR4 levels ( figure 2A) , a signaling protein involved in inflammation. TLR4 may induce inflammation in pathological conditions and was previously associated with depression of myocardial function, maladaptive left ventricular remodeling and progression of cardiovascular diseases (Feng and Chao 2011; Vallejo 2011; Timmers et al. 2008; Jia et al. 2014; Vaez et al. 2016; Yang et al. 2016) . In the inflammatory process, the activation of TLR4 can be suppressed by the action of peroxisome proliferator-activated receptor-c (PPARc) (Darehgazani et al. 2016) . Since PPARc is coactivated by PGC1-a, it can be suggested that diminished PGC1-a expression provide an inadequate PPARc activation, increasing TLR4 expression, which would stimulate the inflammatory process and suppress the anti-inflammatory response through reduced IL-10 expression (Puigserver 2005) . In fact, this hypothesis is supported by a previous study, which demonstrated that TLR4 activation is directly related with downregulation of PGC1-a in the heart failure (Schilling et al. 2011) .
The maladaptive cardiac hypertrophy may involve an imbalance of factors that regulate the cell cycle, for example, p53. This protein is known as a cell development modulator, controlling the expression of genes responsible for the metabolism (Sen et al. 2011) . Interestingly, the results showed a reduction in the protein expression of p53 in the T4 group (figure 4D), which was associated with diminished PGC1-a levels. It has been reported that PGC1-a can also modulate the activity of p53 (Sen et al. 2011) . On the other hand, this result could explain the Figure 4 . Representative image bands and respective graphs of (A) p-p38, (B) p38, (C) PGC1-a, and (D) p53 in control and T4 groups. Values represent mean ± SD. n = 4 animals in control group and 5 animals in the T4 group. Bands were normalized using the Ponceau method and data were analyzed by Student's t-test. * P\0.05 compared to control group. ** P\0.001 compared to control group. conservation of NFkB concentration, since increased p53 levels could block NFkB gene expression (Dijsselbloem et al. 2007; Madenspacher et al. 2013; Olivetti et al. 1997) . Although a reduction in p53 expression was observed, this result was not enough in order to elevate NFkB expression. However, the decrease in the expression of IL-10, in conjunction with the elevation in TLR4 observed in our study, could be associated with a possible increase in the inflammatory response, and consequently cell death activation, an important path to progression from adaptive to maladaptive hypertrophy.
Regarding cell survival/death, caspase-9, a protein involved in apoptosis signaling, remained unaltered in T4-treated mice. However, although Bax expression was not different between groups, Bcl-2 expression showed a reduction in the T4 group (figure 5A). Since Bcl-2 is a cell survival signaling protein, its reduction could indicate a suppression of cell survival in T4-treated animals. As previously described, when Bcl-2 is available it can form heterodimers with Bax and promote cell survival; however, a predominance of Bax homodimers (as would be evident with low Bcl-2 expression) promotes cell death (Olivetti et al. 1997) . The Bax/Bcl-2 ratio was increased in the T4 group, suggesting a propensity towards apoptosis in these animals.
In summary, a reduction in PGC1-a and p53 expression in hyperthyroidism reflects a more advanced disease stage, which could lead to the establishment of maladaptive cardiac hypertrophy and possible development of heart failure. In this context, the TLR4 protein expression was correlated with downregulation of PGC1-a, indicating that the activation of inflammatory proteins is associated with reduced mitochondrial biogenesis and posterior apoptotic factors Figure 5 . Representative image bands and respective graphs of (A) Bax, (B) Bcl-2, (C) Bax/Bcl-2 ratio, and (D) caspase-9 in control and T4 groups. Values represent mean ± SD. n = 4 animals in control group and 5 animals in the T4 group. Bands were normalized using the Ponceau method and data were analyzed by Student's t-test. * P\0.05 compared to control group. ** P\0.001 compared to control group. activation, which can have a detrimental role in this hypertrophy stage.
